Introduction
As increasing urbanization is taking place worldwide, earthquake hazards pose serious threats to lives and property in urban areas. For seismic hazard mitigation, a practical earthquake forecast method appears to be far from realization, because of the extreme complexity involved in earthquake processes (e.g., Kanamori et al., 1997) . Another approach to mitigate seismic hazards is the development of early warning systems (EWS) (Nakamura, 1984 (Nakamura, , 1988 Heaton, 1985; United States National Research Council, 1991; Teng et al., 1997; United States Geological Survey, 1998; Wu et al., 1998; Allen and Kanamori, 2003) . An EWS provides a few seconds to tens of seconds of warning time for impending ground motions, allowing for mitigation measures in the short term. Early warning systems that estimate the severity of ground shaking and its onset time are in operation in Japan (Nakamura, 1984 (Nakamura, , 1988 (Nakamura, , 1989 , Mexico (Espinosa-Aranda et al., 1995) , and Taiwan Wu et al., 1998 Wu et al., , 1999 . This timely information can be used to minimize property damage and the loss of lives in urban areas. It can also be used for real-time loss estimation to aid emergency response and recovery .
Two types of EWS are in operation around the world. One is a front-detection EWS: seismometers installed in the earthquake source area give early warnings to more distant urban areas. Nakamura (1984) introduced the first practical system for the Japanese train system. The Taiwan and Mexico systems are examples of this type. The other is an onsite EWS, which determines the earthquake parameters from the initial portion of the P wave and predicts the more severe ground shakings of the following S-wave trains. The urgent earthquake detection and alarm system (UrEDAS) (Nakamura, 1988 (Nakamura, , 1989 is an example of this type. A prototype system, ElarmS (Allen and Kanamori, 2003) also uses this method.
In most front-detection systems, S waves are used for the determination of earthquake magnitude. While this method provides accurate magnitude determinations, the determination of earthquake parameters has to wait until the arrival of the S waves. For example, the Taiwan Central Weather Bureau (CWB) uses a front-detection system and requires an average of 22 sec to determine earthquake parameters with magnitude uncertainty of ‫.52.0ע‬ It provides a warning for areas beyond about 70 km from the epicenter. In contrast, UrEDAS and ElarmS both use the predominant period from the initial 2-4 sec of P waves to determine the magnitude for EWS, and the method described by Grecksch and Kumpel (1997) estimates the magnitude from the first second of the P wave recorded on accelerograms. However, large uncertainties in magnitude are inevitable in these methods. For ElarmS, the average absolute error in the magnitude estimate is ‫,7.0ע‬ and when the closest 10 stations are used, the average error drops to ‫.53.0ע‬ Grecksch and Kumpel (1997) estimate magnitudes using the rise time of the first complete peak, the predominant period, and the related Fourier amplitude of the initial part of strong-motion signals. With this approach, the magnitude uncertainty can reach as high as ‫53.1ע‬ with a single accelerogram and ‫5.0ע‬ with more than eight accelerograms.
Taiwan has established several research programs that are actively pursuing earthquake early warning and rapid reporting systems Wu et al., 1997 Wu et al., , 1998 Wu et al., , 1999 Wu et al., , 2000 Wu et al., , 2001 Wu et al., , 2003 Teng, 2002, 2004) . The Taiwan EWS established by CWB (Fig. 1a ) uses a realtime strong-motion accelerograph network consisting of 86 stations distributed around Taiwan. By applying the concept of a virtual subnetwork (VSN) to the CWB seismic network , an optimized solution between earthquake early warning and reliable magnitude determination is sought. This represents a significant step toward realistic earthquake early warning capability. The 22-sec reporting time of the Taiwan EWS will offer earthquake early warnings for metropolitan areas located more than 70 km from the epicenter. For an event with the same location as the 20 September 1999 Chi-Chi, Taiwan, earthquake, the Taipei metropolitan area, at 145 km from the epicenter, would have more than 20 sec of early warning time. Figure 1b shows the expected early warning times for an event such as the Chi-Chi earthquake for all parts of Taiwan. The small triangles give the locations of elementary schools, which essentially reflect the population density.
The idea of an early warning system presented here takes advantage of the fast data-transmission speed, which is much faster than the seismic-wave speed, and fast dataprocessing speed. However, the Taiwan EWS has a blind zone that gives no warning to target areas closer than 70 km from the source. To provide early warning to areas close to the source, a complementary use of an on-site EWS is desirable. Recently, Kanamori (2005) extended the method of Nakamura (1988) and Allen and Kanamori (2003) to deter- mine a parameter, called s c , that reflects the size of an earthquake from the initial 3 sec of the P waves. We have explored the use of this method to complement the frontdetection Taiwan EWS system.
s c Method
To determine the size of an earthquake, it is important to determine whether the event's slip motion has stopped or is still growing, which is generally reflected in the period of the initial motion. Small and large events yield short-and long-period initial motions, respectively. However, the slip motion is in general complex, and even a large event often begins with a small short-period motion, followed by a longperiod motion. Consequently, it is important to define the average period during the first motion, instead of the period of the first motion. The method developed by Nakamura (1988) attempts to use the period averaged over some time window. We use the following procedure, which is modified from the method used by Nakamura (1988) . We take the ground-motion displacement, u(t), and velocity, u(t), from the vertical component record and compute the following ratio r by
where the integration is over the time interval (0,s 0 ) after the onset of the P wave. Usually, s 0 is set at 3 sec. Using Parseval's theorem,
where û(f) is the frequency spectrum of u(t), and ͗f 2 ͘ is the average of f 2 weighted by |û(f)| 2 . Thus, Figure 2 . Displacement waveforms computed for the kinematic source model of Sato and Hirasawa (1973) . The parameters used for computation of waveforms are: P-wave speed, 6 km/sec; S-wave speed, 3.5 km/sec; density, 2.7 g/cm 3 ; rupture speed, 2.5 km/sec; applied shear stress, 30 bars; polar angle of the station location, 90Њ (Kanamori, 2005) .
can be used as a parameter representing the period of the initial portion of the P wave. The larger s c is, the larger the event is. This method is different from Nakamura's (1988) in that we compute s c using the displacement u(t) over a fixed time window after the P-wave onset. To demonstrate that s c is a good measure of the size of an earthquake, we computed s c for the waveforms resulting from the kinematic source model of Sato and Hirasawa (1973) . Figure 2 shows the displacement waveforms of Sato and Hirasawa's (1973) model, and s c computed for them using equations (1) and (3) is shown by a dashed line in Figure 3 . For this particular model, s c saturates at M w slightly larger than 6.5. Kanamori (2005) has applied this method to available close-in records for events with M 2.5 to 8.0 (the 2003 Tokachi-Oki, Japan, earthquake) to determine s c . As shown in Figure 3 , the results are consistent with the simulation result for the model of Sato and Hirasawa (1973) shown by the dashed line. The difference in the slope is due to the difference in the source time functions between the model of Sato and Hirasawa (1973) and the real earthquakes. Somewhat surprisingly, s c keeps increasing even for earthquakes with M Ͼ7, without any obvious sign of saturation. Since the data set is sparse for very large events (only five earthquakes with M Ն7), this result is not conclusive.
For the EWS application, if s c Ͻ 1 sec, the event has already ended or is not likely to grow beyond M Ͼ6. If s c Ͼ 1 sec, it is likely to grow, but how large it will eventually become cannot be determined. In this sense, this method provides a threshold warning.
Data and Analysis
Large and shallow earthquakes often cause the most serious damage. Thus, we selected 26 events in Taiwan for this study (Table 1) . The selection criteria were M w Ͼ5.0 and focal depth Ͻ35 km, as listed in the Harvard catalog. (Kanamori, 2005) . M represents M w and M L for M Ն6, and M Ͻ6, respectively. Open circles indicate data points for which only one or two records were available. The error bars indicate one standard deviation. All the events were well recorded by the Taiwan Strong Motion Instrumentation Program (TSMIP) network. These events occurred during the period from 1993 to 2003 and were widely felt in Taiwan. With about 650 modern digital accelerographs installed at free-field sites (Fig. 1a) , the TSMIP station signals are digitized at 200 samples per second or higher at 16-bit resolution. Most accelerographs have a dynamic range of ‫ע‬ 2 g. A total of 507 TSMIP records were used for this study. They were recorded at an epicentral distance of less than 30 km, and at least eight records were available for each event. For EWS purposes, near-source records are most important.
Vertical component strong-motion records were used in this study. Input signals were integrated twice to displacement records. We applied a 0.075-Hz high-pass Butterworth filter to remove the low-frequency drift after integration. We used an automatic P picker similar to that described by Allen (1978) to detect the P-wave arrival from vertical acceleration records. In this study, we computed s c from the 3-sec-long filtered displacement signals after the P arrival. We also computed the peak displacement amplitude (PK3s) for the same time window for further analysis. Figure 4a shows s c determined from all of the 507 records plotted as a function of M w . Although log s c increases approximately linearly with M w , the scatter is very large, especially for events with M w Ͻ5.5. The large scatter is primarily due to the very small displacement amplitudes, PK3s, during the first 3 sec. Figure 4b shows PK3s for all of the 507 records as a function of M w . The initial amplitude PK3s is generally small for the smaller events, especially for events with M w Ͻ5.5; this results in a poor signal-to-noise ratio for s c determinations. From the EWS point of view, small-amplitude data are not of interest, and also s c needs to be determined as rapidly as possible after the P wave is detected at the first station. Thus, in our experiment we removed all of the data with PK3s Ͻ 0.1 cm and used only the first eight stations within less than 21 km to determine s c . Figure 5a shows the results for which the first eight records with PK3s Ͼ 0.1 cm are used. The determinations were made for the 12 events for which such data were available. Table 2 summarizes the results of s c determinations together with the distance to the farthest station. The relationship between the average s c and M w is given by, The earthquakes we studied all had M w Ͼ5 and were potentially damaging; except for one earthquake, all of them had s c Ͼ 1 sec. As shown in Figure 5b , this trend is consistent with that obtained for the events in Japan and California (Figure 3 ).
Results
For events in California, broad-band records were used for small events, and most events with M w Ͻ5 have s c Ͼ 1 sec. Thus, the use of s c provides a useful threshold warning for large earthquakes. If s c Ͼ 1 sec, the event is potentially damaging. If it is larger than 2 sec, the event is almost certainly damaging. Combining this information with other data, such as the initial velocity and displacement amplitudes, would allow the damage potential of the event to be assessed more accurately.
Discussion and Conclusions
In Taiwan, the TSMIP telemetered stations are densely distributed all over the island. If detection of the P arrival and the determinations of s c and PK3s are made on-site, these parameters can be sent to the control center rapidly and reliably. By using the average of the values from the first eight stations as an indicator, earthquake early warnings can be issued rapidly. Furthermore, Internet function can now be installed at most sites, which will save much of the telemetry cost. Figure 6 shows the travel time of P and S waves for a reference focal depth at 10 km. Currently the Taiwan EWS can provide rapid reporting at 22 sec after the event origin time by using the VSN method. The 2003 Chengkung M w 6.8 earthquake is a representative case. The VSN system reported the information on this earthquake at 22 sec after the occurrence with an estimated M L of 6.5 and a good hypocenter determination. The front-detection EWS provides a warning to areas at distances greater than about 70 km from the epicenter (i.e., the radius of the blind zone is 70 km). In our experiment on the s c method, we used P waves from the strong-motion records within 21 km of the epicenter. Figure 6 shows that P waves need about 4.5 sec to reach 21 km. And this method needs only 3 sec of waveform data.
Thus, the total procedure needs about 7.5 sec. At that time, S waves have propagated only to about 20 km from the epicenter, so we can reduce the radius of the blind zone to 20 km (Fig. 1b) .
Large damaging earthquakes with very large ground motions often caused interruption of telemetry within a few seconds after the onset, resulting in the loss of data. This problem caused difficulty in the traditional measurement of peak amplitude for determination of M L and intensity. However, the s c method can overcome this difficulty because s c and PK3s are measured from the beginning of P arrival, before telemetry interruption occurs.
Our experiment on the s c method using the data in the Taiwan region suggests that it is possible to determine, onsite, both s c and PK3s, which jointly give reliable threshold warnings. The s c method can reduce the radius of the blind zone to 20 km, and it will be a useful complement to the front-detection EWS in Taiwan.
